Testosterone (T) is an important mediator of reproductive behaviours and potential target for selection. However, there are few data relating natural variation in T to fitness estimates. Here, we used the GnRH challenge (an injection of gonadotropin-releasing hormone which stimulates maximal T release), to examine how individual differences in T relate to reproductive success and how T changes across date and breeding stage. We measured pre-and post-challenge T, in captive male Gouldian finches (Erythrura gouldiae), before and after introducing females, and across breeding stage. Postchallenge T before introducing females positively predicted breeding success. Post-challenge T levels were unrelated to date, but strongly related to stage; T production ability was strongly attenuated in incubating males. Prechallenge T levels related only to date. Our results suggest that T production ability is an important target for selection and that when males invest heavily in parental care they reduce their sensitivity to GnRH.
Introduction
Testosterone is a well-established mediator of reproductive behaviours, and appears to be especially important in competitive contexts during the breeding season (Adkins-Regan, 2005) . Because testosterone (T) is a steroid and can regulate gene expression throughout the body, it has the potential to regulate entire suites of reproductive traits (McGlothlin & Ketterson, 2008; Ketterson et al., 2009; Atwell et al., 2014) . Experimentally elevating T often increases competitive trait expression (e.g. aggression, dominance badges) and breeding success (Wingfield et al., 1987; Ketterson et al., 1991; Raouf et al., 1997) . However, high levels of T are also associated with a number of costs, for example reduced survival and impaired immune function (Ketterson et al., 1991; Wingfield et al., 2001) . Among the most well-studied costs in birds is the negative relationship between T levels and parental care (Cawthorn et al., 1998; Peters, 2002; Duckworth, 2006; Lynn et al., 2009; Pryke & Griffith, 2009b; Cain & Ketterson, 2013a) . Consequently, animals are expected to elevate T when competition is essential, but reduce T when possible (Wingfield et al., 1990 (Wingfield et al., , 2001 . In support of this possibility, in many species, T levels decrease across season (Wingfield et al., 2001; Goymann & Hofer, 2010) , timed with an increase in parental care (Ketterson et al., 1992; Ketterson & Nolan, 1994) .
The majority of data on the relationship between T and reproductive behaviour in male birds stem from two types of studies: (i) correlative studies that relate circulating T levels to phenotype or fitness, and (ii) phenotypic engineering studies that manipulate T levels and examine the consequences of this manipulation. Because of the two-way relationship between T and behaviour, correlative studies can be difficult to interpret (Hau et al., 2008) . For example, when aggressive males have higher T, it is unclear whether T increases aggression or whether aggression increases T. Phenotypic engineering using exogenous testosterone avoids this issue and is a powerful tool for establishing causality (Ketterson et al., 1996; Adkins-Regan, 2005) , but can create artificial phenotypes. For example, testosterone shows marked daily and seasonal variation (Wingfield et al., 1990) , but implants keep hormones at a static level. Further, although implants can reveal the proximate basis for behavioural trade-offs, the optimal resolution for these trade-offs varies according to individual quality (Roff et al., 2002; McGlothlin et al., 2010) . Thus, there are limitations when trying to understand how selection acts on hormonal systems and hormonally mediated traits (McGlothlin et al., , 2010 . To truly understand the role of T in mediating phenotypes and how selection acts on T-mediated traits, we must pair such studies with examinations of natural variation in T profiles and production (McGlothlin et al., , 2010 Kempenaers et al., 2008; Williams, 2008; Cain & Ketterson, 2013b) . However, although a strong relationship between hormones and estimates of fitness is expected, we have surprisingly little data that detail how individual differences in hormone profiles relate to fitness (McGlothlin et al., 2010; Ouyang et al., 2011 Ouyang et al., , 2013 Williams, 2012; Cain & Ketterson, 2013a) .
Recent research has begun addressing this gap by examining the relationships between testosterone, phenotype and fitness using a technique that measures circulating T levels as well as T production ability. Testosterone secretion is regulated by the hypothalamic-pituitary-gonadal axis (HPG axis). A stimulus provokes the hypothalamus to release gonadotropinreleasing hormone (GnRH), a neuropeptide, which then stimulates the receptors on the anterior pituitary to release gonadotropins, luteinizing hormones (LH) and follicle-stimulating hormone (FSH). The gonadotropins act on receptors in the gonad, provoking the release of testosterone, and potentially other steroids (Oliveira, 2004; Adkins-Regan, 2005; Goymann, 2009 ). Individual, stage or seasonal differences in T levels might arise from changes in any of these components, as well as other parts of the axis, for example receptors and binding globulins (Adkins-Regan, 2005; Hau, 2007; Rosvall et al., 2012 Rosvall et al., , 2016 Bergeon Burns et al., 2014) .
Here, we used an injection of exogenous GnRH (GnRH challenge) to estimate individual differences in the ability to produce T and determine whether T production or circulating T predicts the outcome of reproductive competition for resources (mates and nesting cavities) in captive male songbirds. We then follow these males and examine how T changes with date and breeding stage. Using GnRH challenges, we can determine whether the overall changes in circulating T is a product of reduced gonad responsiveness to GnRH, or a reduction of signals upstream from the gonads (e.g. GnRH or LH). To explore these questions, we used the Gouldian finch (Erythrura gouldiae), an Australian songbird that resides in the monsoonal tropical region of Northern Australia. Gouldians have three genetically determined colour morphs that differ in physiology and behaviour, with assortative pairing (Pryke & Griffith, 2006 , 2009a Pryke et al., 2007) . Mating is socially monogamous, and both parents incubate and provision young. Previous work has shown that in species where males invest heavily, male T is low when engaged in paternal care (Ketterson & Nolan, 1994; Van Roo et al., 2003) , but it is unclear whether this is due to a change in gonad responsiveness to GnRH, or a reduction in the release of GnRH. Here, we used a captive population to examine whether T levels (pre-and post-challenge) prior to female introduction are predictive of breeding success, and whether T levels (pre-and post-challenge) change across date or breeding stage.
Materials and methods

Experimental set-up
Males were randomly assigned to four indoor/outdoor aviaries (indoor: 2.4 m long, 1.2 m wide, 3 m high; outdoor: 6 m, 2.6 m, 3 m); each aviary contained four males, two red morphs and two black morphs. Each aviary also contained two nesting cavities boxes, and all males were in vocal and visual contact with females. Two days after relocating males to treatment aviaries, the first hormone-sampling period occurred. Two weeks after movement (16 January), one female of each morph was added to all aviaries (two females per aviary, total of six birds per group). Four days after adding females, the second hormone-sampling period occurred. Birds were challenged twice more, with a 2-week interval between challenges. Birds were observed on a daily basis by an observer blind to hormone levels; the observer noted nesting cavity ownership and pair status.
Hormone sampling and measurement
We measured prechallenge circulating T levels, and T in response to an injection of gonadotropin-releasing hormone (a GnRH challenge). This injection produces a transient increase in circulating T Moore et al., 2002; Jawor et al., 2006 Jawor et al., , 2007 McGlothlin et al., 2007; Cain et al., 2012 . In dark-eyed juncos (Junco hyemalis), a North American sparrow, males showed an increase in T at 30 min, followed by a decline by hour post-injection, and by 2 h post-injection, T levels were back to normal (Jawor et al., 2006) . After capture, we took an initial blood sample (prechallenge measure) and then administered an injection of 20 lL of a solution containing 2.0 lg of chicken GnRH-I (Sigma L0637; American Peptide 54-8-23) (Cain & Pryke, 2016) . After exactly 30 min, a second sample was taken (post-challenge measure). Prior to beginning the experiment, a subset of males (n = 8) were sampled for initial circulating T levels; these males had never received a GnRH challenges. Plasma was then stored at À20°C until assayed using an established enzyme immunoassay procedure. Further details on the GnRH challenge protocol and assay procedures are detailed in Cain & Pryke (2016) .
Statistical analysis
To determine whether pre-or post-challenge T (i.e. T production ability) related to breeding success (i.e. winning a nesting cavity and attracting a female), we used a generalized linear model with a binomial error distribution and logit link. Breeding success was the dependent variable, and morph, prechallenge T and postchallenge T (before introducing females) were used as predictors. To determine how T levels change across date and breeding stage (after female introduction), we built two separate linear mixed models, with pre-and post-challenge T measures as the dependent variables. Predictors for both models included breeding stage, sampling period (first, second or third T measurement) and morph, and because each male was in both models three times, we also included male identity as a random factor. To determine whether repeated GnRH challenges alter circulating male T levels, we used a t-test to compare prechallenge T levels of males that had received three previous challenges to males that had never received a challenge.
Results
Five (three black and two red males) of 16 males won nesting cavities; the remaining three cavities were not won; no nests were built, no eggs laid. Post-challenge T levels were positively related to breeding success; that is, males with greater T production ability were more likely to win a nesting cavity and mate ( Fig. 1 ; full model X 2 = 13.12, P = 0.0044; post-challenge T: X 2 = 5.38, P = 0.020). Morph (red or black) and prechallenge levels were unrelated to success (P = 0.33 and P = 0.22, respectively).
Prechallenge T levels increased between the first and second sampling period after introducing females, but did not change significantly in the third period. Prechallenge levels were unrelated to male breeding stage ( Fig. 2; Table 1 ). In contrast, post-challenge T levels were unrelated to date (sampling period) but strongly related to stage; T levels were lowest in males incubating eggs, but there was no difference in postchallenge T levels of males that had acquired a cavity but not yet begun incubating and males that had not acquired a cavity ( Fig. 2; Table 1 ). Morph was unrelated to pre-or post-challenge T levels (P > 0.20).
There was no detectable difference between prechallenge T levels in males that had never received a GnRH challenge (n = 8) and the experimental males that had received three previous challenges in the course of the experiment (n = 23) (t = À0.32, P = 0.75).
Discussion
Testosterone predicts breeding success
Because T regulates a number of fitness-relevant traits, especially those associated with reproductive competition, it is expected to be strongly related to fitness (Ketterson et al., 1992; Wingfield et al., 2001; AdkinsRegan, 2005; McGlothlin & Ketterson, 2008) . However, there are few studies that report such relationships (but see McGlothlin et al., 2010) , although relationships with components or proxies of fitness are more common. We examined one aspect of reproductive success that is of critical importance to Gouldian finches, the ability to acquire and defend a nesting cavity and attract a female. Individual ability to produce T in response to GnRH was positively related to the probability that the male would later win a cavity and a mate. In contrast, circulating T levels were unrelated to success. This finding suggests that individual differences in the ability to produce and secrete T may be related to competitive ability in this species, and a target for selection.
The limited available empirical data in wild birds support this general pattern. In other bird species, testosterone has been positively related to an important component of fitness, breeding success. Individual variation in circulating T levels is positively correlated with mating success in black grouse (Tetrao tetrix) (Alatalo et al., 1996) and satin bowerbirds (Ptilonorhynchus violaceus) (Borgia & Wingfield, 1991) . Further, in whitestriped sparrows (Zonotrichia albicollis), the white-stripe morph, which invests more in pursuit of mates, has slightly higher circulating T levels (Swett & Breuner, 2009) . n dark-eyed juncos, experimentally elevated T Fig. 1 Relationship between post-challenge T prior to the introduction of females and eventual success or failure as a breeder. Testosterone levels were plotted according to whether or not the male was successful at acquiring a cavity and mate. Line is a logistic regression estimating the probability that a male with a given post-challenge T level would be successful. levels lead to increased mating success in (Reed et al., 2006) , and individual differences in the ability to respond to GnRH with an increase in T are positively related to male mating success (McGlothlin et al., 2010) . A study in European starlings (Sturnus vulgaris) found no relationship between T before competition and success/failure; however, they did find that winners increased T more in response to competition than did losers (Gwinner et al., 2002) . Importantly, because our study measured T levels prior to the introduction of females, our findings suggest that T levels are facilitating competitive ability, rather than increasing in response to success. Taken together, these results suggest that T production ability is an important potential target for selection, particularly when competition is strong. However, although these combined results provide strong support for the possibility that T is facilitating competitive behaviour, we suggest caution. GnRH may lead to the release of other hormones such as oestrogen and progesterone, and testosterone may act after aromatization (Adkins-Regan, 2005) .
Testosterone across date and stage
Testosterone levels often show patterns associated with date and breeding stage. Disentangling the two is important, but can be difficult because they are generally strongly correlated (Hegner & Wingfield, 1986) . Here, we examined both and found that prechallenge T levels were related to date (sampling period), but postchallenge T levels were related only to breeding stage. This suggests that circulating T levels do not track gonad responsiveness to GnRH (i.e. ability to produce T when stimulated by GnRH). Circulating T levels appear to be a function of competition, increasing as birds acquire and defend nesting cavities or court females, and then levelling off as the social situation stabilized. This pattern reflects the general observation that male T often peaks just before the start of the breeding season (Ketterson et al., 2001; Wingfield et al., 2001) . In contrast, male gonad responsiveness (T production in response to GnRH) was related to breeding stage. Males that had acquired a mate and were engaged in parental care (incubating) had dramatically reduced post-challenge T levels. This suggests that when males begin caring for young, their ability to response to upstream signals (GnRH or LH) was severely attenuated. A number of previous studies have found that male T is low when engaged in paternal care, and very low in species that invest heavily, such as those with equal incubation, like the Gouldian finch (Ketterson & Nolan, 1994; Van Roo et al., 2003) . Further, in some species with essential male care, even experimentally elevating T with implants fails to alter paternal behaviour, suggesting that these males become insensitive to T (Lynn et al., 2002; Lynn, 2015) . However, in species without male incubation, the ability to increase T in response to GnRH is often retained (Jawor et al., 2006; McGlothlin et al., 2007; Apfelbeck & Goymann, 2011; DeVries & Jawor, 2013; Barron et al., 2015) . Gouldian males invest heavily in parental care, assisting in all stages of offspring care, including incubation, suggesting that low levels of T are reflective of their life history strategy. Previous research in Gouldians found that red males increase T levels when in competitive environments, often at the expense of parental care (Pryke et al., 2007; Pryke & Griffith, 2009b; Cain & Pryke, 2016) . Our results suggest that although circulating T levels were unrelated to stage, males do reduce their response to GnRH, which might mitigate this negative effect.
Conclusion
Testosterone is an important mediator of animal phenotypes, but to truly understand its role in shaping trait expression, and to what extent it facilitates or constrains animal responses to the environment, we need data on how T levels relate to fitness. Our findings add to growing evidence that individual differences in HPG function is an important target for selection.
